Abstract Metformin is an oral antihyperglycemic agent used in the management of type 2 diabetes mellitus. Lactic acidosis from metformin overdose is a rare complication of metformin therapy and occurs infrequently with therapeutic use. Fatal cases, both accidental and intentional, are extremely rare in clinical practice. Metformin is eliminated by the kidneys, and impaired renal function can result in an increased plasma concentration of the drug. In this report, we describe an autopsy case involving a 70-year-old woman suffering from diabetes mellitus and impaired renal function who received metformin treatment. Metformin concentrations in the peripheral blood collected during hospitalization and femoral blood collected during autopsy were 42 and 47.3 µg/ml, respectively. Lactic acidosis (29.10 mmol/l) was objectified during hospitalization. Furthermore, postmortem biochemistry allowed ketoacidosis to be diagnosed (blood β-hydroxybutyrate, 10,500 µmol/l). Death was attributed to lactic acidosis due to metformin intoxication. Increased plasma concentrations of the drug were attributed to severely impaired renal function. The case emphasizes the usefulness of performing exhaustive toxicology and postmortem biochemistry towards the more complete understanding of the pathophysiological mechanisms that may be involved in the death process.
Even though lactic acidosis is a rare complication relative to the very widespread use of the drug, its possible occurrence still influences treatment strategies in type 2 diabetes mellitus, particularly in patients with impaired renal function and in those with severely compromised oxygenation and tissue perfusion that may predispose to increased lactate production. Liver dysfunction, past history of lactic acidosis (of any cause), chronic respiratory failure, and alcohol abuse are classic contraindications to metformin use. Congestive heart failure has recently been removed from the list of diseases absolutely contraindicated with metformin administration, although a warning for concomitant use in this condition remains [6] [7] [8] .
In this report, we describe an autopsy case involving a 70-year-old woman suffering from diabetes mellitus, obesity, and impaired renal function who received metformin treatment. Toxicology revealed markedly increased blood metformin concentration, and biochemical investigations showed increased vitreous lactate and increased blood and vitreous β-hydroxybutyrate. The cause of death as well as the relationships pertaining to ante-and postmortem laboratory results, precipitating causes, and metabolic disturbances that likely led to or contributed to death are herein discussed.
Case history
An obese (weight 117 kg, height 165 cm) 70-year-old woman suffering from hypertension, type 2 diabetes mellitus, and polyarthritis was admitted to the hospital due to fall-related injuries mainly consisting of right patella fracture. On admission, physical examination revealed a good general state and mild edema in the lower extremities, whereas laboratory analyses showed hyperglycemia, increased glycated hemoglobin level, impaired renal function, and anemia. During hospitalization (10 days), the patient received irbesartan, furosemide, insulin, heparin, and metformin (500 mg at 8 a.m., 1,000 mg at 1 p.m., and 1,000 mg at 7 p.m.). The patient was subsequently transferred to a rehabilitation clinic. Physical examination performed on admission showed mild edema in the lower extremities as well as a distended abdomen. Cardiac function and hemodynamic status were relatively stable. The prescribed treatment consisted of heparin anticoagulation once daily, irbesartan 300 mg, furosemide 125 mg, insulin administered three or more times per day by injection, and metformin (500 mg at 8 a.m., 1,000 mg at 1 p.m., and 1,000 mg at 7 p.m.). Insulin treatment was stopped 2 days after admission due to a lack of appetite and insufficient food intake. Three days after admission, blood glucose level was 230 mg/ml (12.8 mmol/l), and 5 units of insulin was administered. Four days after admission, the patient complained of severe itching and orticarioid-like reaction of the abdomen. An antihistaminic agent (cetirizine) was then added to the daily treatment. Five days after admission, neither insulin nor metformin was administered due to a worsening lack of appetite and insufficient food intake. Six days after admission, the patient had an episode of biliary vomit associated with chest, epigastric, and abdominal pain. Metformin was administered again at full dose (2,500 mg). Physical examination revealed icteric sclera. The patient became agitated and was transferred to the intensive care unit of the local hospital. On admission, the patient lost consciousness, and cardiorespiratory arrest occurred. Cardiopulmonary resuscitation allowed only a partial hemodynamic recovery. Laboratory investigations showed lactic metabolic acidosis, hyperkalemia, and impaired renal function. Four hours postadmission, laboratory analyses showed no improvement. The patient died 8 h after admission despite resuscitation attempts. A medicolegal autopsy was ordered by the localinquiring authorities (public prosecutor) due to the unclear circumstances of death as well as possible correlations between medical malpractice and the fatal outcome.
External examination, autopsy, and histology
Height was 165 cm and weight 117 kg (BMI 40 kg/m 2 ). External examination revealed the presence of abdominal bruises and linear excoriations on the skin of different body parts, particularly the abdomen and left thigh. Edema of the face was also observed. Internal examination revealed rib fractures and intercostal space hemorrhagic infiltrations consistent with cardiopulmonary resuscitation marks. The heart weighted 450 g. Heart examination revealed mild left ventricle hypertrophy. Examination of the pleural cavities showed bilateral effusion (approximately 100 ml in each cavity). The lungs were relatively edematous and congested (right lung 650 g, left lung 550 g). On cut section, both edematous lungs showed subpleural emphysematous areas in both apexes with no evidence of any focal lesions. Pulmonary embolism was not observed. The spleen weighed 200 g and was moderately enlarged with a tense, smooth capsule and congested parenchyma. The cut section of the liver that weighed 2,100 g was congested and showed multiple yellow areas. No identifiable pill components or fragments were found in the stomach contents or upper gastrointestinal tract. The brain and the kidney were macroscopically unremarkable.
Histology confirmed the presence of left ventricular hypertrophy with no evidence of subendocardial hemorrhage or acute myocardial infarction. The lungs showed congestion and edema as well as areas of emphysema, atelectasis, and hemorrhage foci. Immunohistochemistry of the lungs using antitryptase antibodies was negative. Histology also revealed congestion and areas of fatty degeneration of the liver as well as diffuse mesangial sclerosis and nodular glomerulosclerosis (Kimmelstiel-Wilson lesion) of the kidneys.
Toxicology and biochemistry
Peripheral blood from the femoral vein, cardiac blood, bile and vitreous humor, as well as samples of certain tissues were recovered for toxicological and biochemical analyses.
Toxicology included ethanol and other volatile compounds determination as well as general screening for nonvolatile drugs, poisons, and metabolites by gas chromatography-mass spectrometry (GC-MS) using commercial mass spectrum libraries, high-performance liquid chromatography with diode array detection (HPLC-DAD), and headspace-gas chromatography-flame ionization detection (HS-GC-FID) for volatile compound analysis.
Metformin analysis was performed utilizing a reverse-phase (RP) HPLC method. Phenformin (another biguanide derivative) was chosen as internal standard. The two compounds were separated in a C18 column by a mixture of acetonitrilemethanol-water (45:10:45 %) containing sodium dodecyl sulfate (NaDS) 0.01 M. The mobile phase was adjusted to pH 4.0 with acetic acid. Diode array detector was employed for the quantitative analysis of the analytes. The metformin concentration in the blood was measured at 230 nm. The blood sample was simply deproteinized by acetonitrile, diluted 1:5 with hydrochloric acid 0.01 M, and directly injected in the HPLC system. A five-point calibration curve was studied within the range of 5-100 mg/l.
Acetone was determined during ethanol analysis in the blood by using HS-GC-FID. Toxicology failed to detect ethanol and revealed the presence of lidocaine (within therapeutic range), acetone (120 mg/l, corresponding to 12 mg/dl and 2, 070 μmol/l), and metformin (47.3 μg/ml) in the femoral blood collected during autopsy (therapeutic range 0.5-2.5 μg/ml). Metformin concentration in the peripheral blood collected during hospitalization and prior to death was 42 μg/ml.
Biochemical investigations were performed in the femoral blood and vitreous humor. Glycated hemoglobin was determined in the whole femoral blood. Glucose, sodium, chloride, and lactate were measured in vitreous. Betahydroxybutyrate was determined in the blood and vitreous.
Vitreous sodium, chloride, glucose, and lactate were determined by enzymatic assays on a Dimension® Xpand® Plus Integrated Chemistry System (Siemens Healthcare Diagnostics, Inc., Deerfield, IL, USA). The concentrations of all substances were determined without diluting samples.
Glycated hemoglobin was determined on the whole femoral blood stored in tubes containing ethylenediaminetetraacetic acid (EDTA) by ion-exchange HPLC (Bio-Rad D-10 Dual Program, Hercules, CA, USA).
Beta-hydroxybutyrate concentrations were determined on Cobas Mira Plus (Roche Diagnostics, Switzerland) by an enzymatic photometric method adapted in house from the technique described by Ruell and Gass. Frozen femoral blood and vitreous humor samples were thawed overnight at 4°C and deproteinized with perchloric acid. Supernatant was used for analysis.
Results of analyzed biological fluids and clinical reference values are summarized in Table 1 . Based on the results of clinical data and postmortem investigations, the cause of death was determined to be terminal cardiocirculatory arrest resulting from lactic acidosis due to metformin intoxication.
Discussion
Lactic acidosis is the most frequent cause of metabolic acidosis and can result from an imbalance of lactic acid production and degradation. Cases of lactic acidosis are conventionally classified into type A (anaerobic) and type B (aerobic). Type A occurs in situations characterized by tissue hypoperfusion and hypoxia, whereas type B includes all other forms with no evidence of tissue hypoxia. It must be highlighted, however, that this distinction has become partly obsolete, since restricted oxygen supply and metabolic factors often act simultaneously [6, 9] .
A serious adverse effect of metformin in certain individuals is type B lactic acidosis, also known as metformin-associated lactic acidosis (MALA). Metformin is a small molecule (molecular weight, 165.8 Da) that is primarily absorbed from the small intestine. Metformin absorption is incomplete, with 20-30 % found in the feces. Oral bioavailability is 40-60 %, depending on the dose ingested, with greater doses producing lower bioavailability. Metformin is thought to have a plasma t of 0.5 between 4 and 8.7 h, minimal protein binding. The drug is mainly excreted unchanged by the kidney (90 %) with a clearance 3.7 to 5 times the creatinine clearance. The rate of absorption is slower than the rate of elimination, which makes absorption to be a late-limiting step in the elimination half-life [10, 11] .
The pathophysiology of MALA is not completely understood and is thought to be due to a shift in the intracellular redox potential from aerobic to anaerobic metabolism and decreased lactate utilization by suppression of hepatic gluconeogenesis. The occurrence of MALA has been generally observed during therapeutic dosage rather than overdose. In patients with normal renal function, about 90 % of the absorbed metformin is eliminated and unchanged by glomerular filtration and tubular secretion within the first 24 h. Traditional theory suggests that MALA occurs in the context of comorbidities that may result in drug accumulation (such as impaired renal function), elevated circulating lactate levels, or both. The link between metformin administration and lactic acidosis has been called into question by some, suggesting that MALA has typically been observed in the setting of other illnesses that are more likely to be the cause of lactic acidosis rather than incriminating metformin itself. Some data showed that metformin accumulation in the blood does not necessarily lead to lactic acidosis and failed to confirm the existence of a correlation between blood metformin levels and mortality, suggesting that the underlying causes of acidosis play a more important role than metformin administration itself on outcome. However, lactic acidosis during metformin treatment has been observed in patients with normal kidney function and without underlying conditions predisposing them to renal failure, hypoxia, and lactic acid accumulation [10] [11] [12] [13] [14] .
There are only few data regarding MALA in the setting of acute metformin overdose, though several cases of severe lactic acidosis following acute metformin ingestion have been clinically documented. The annual report of the AAPCC regularly mentions fatal cases in which acute metformin ingestion is most probably or undoubtedly responsible for death. Though some authors have denied any causal involvement and postulated that lactic acidosis in acute overdose is primarily due to the hemodynamic instability and shock syndrome following drug ingestion rather than the metabolic effects of metformin itself, the conclusions of other studies have suggested that severe lactic acidosis may also occur after acute metformin monooverdose in the absence of comorbidities. Clinical data and retrospective observation are at present not suitable to decide upon this issue definitively [12] [13] [14] [15] [16] .
Since MALA occurs infrequently with therapeutic use and fatal cases are extremely rare in clinical practice, only a few reports exist in the literature with both complete antemortem medical records and detailed postmortem investigation findings. In most cases, exhaustive clinical and postmortem analysis results are absent or partially available. In Table 2 , we have summarized the main clinical and postmortem findings (where available) in fatal cases related to therapeutic use or suicidal ingestion that we have collected upon literature review and the annual reports of the AAPCC from 2009 to 2011. Other fatal cases following therapeutic administration or suicidal use are mentioned in case series reports, but with limited available clinical and postmortem information [3, 9, 14, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] .
Lactic acidosis from metformin overdose is clinically indistinguishable from other forms of lactic acidosis. However, since MALA is primarily caused by impaired lactate clearance by the liver and is not the direct result of tissue hypoxia, the degree of clinical severity in these patients is generally not as important as in patients with lactic acidosis from other causes. Symptoms are often unspecific. Severe acidosis often leads to significant vasodilatation (due to decreased catecholamine binding to their respective receptors) and depressed myocardial contractility. Both of these mechanisms are thought to contribute to hypotension and hypoperfusion in severely acidemic patients, in turn leading to oliguria, acute renal insufficiency, and multisystem organ failure [3, 10, 18, 32] .
The label on metformin in the USA is explicit with respect to renal contraindications and suggests drug administration based on serum creatinine cut points. Clinical guidelines outside of the USA incorporate the glomerular filtration rate (GFR) for the determination of metformin safety. Despite the clear recognition that impaired renal function may be a risk factor for adverse events with metformin use, a significant divergence regarding optimal conditions of safety exists across the globe [33] [34] [35] [36] .
In the case herein described, the cause of death was determined to be terminal cardiocirculatory arrest resulting from lactic acidosis due to metformin intoxication. Lactic acidosis was diagnosed through clinical laboratory analyses (blood lactate 15 mmol/l and pH 6.80 on admission to the intensive care unit and blood lactate 29.10 mmol/l 4 h postadmission). The role of metformin as the main contributing factor in the development of lactic acidosis was easily identified based on the high drug concentrations in both blood sample collected during hospitalization (42 μg/ml) and femoral blood obtained during autopsy (47.3 μg/ml). Metformin accumulation was caused by severely impaired renal function, thus confirming that prescription was absolutely contraindicated in this patient. Accordingly, the forensic investigations led to the accused clinicians (those of the hospital as well as those of the rehabilitation clinic) being considered guilty of manslaughter by the public prosecutor.
Based on the available data, metformin appears to be minimally susceptible to postmortem redistribution [17] . Blood levels ranging from 0.5 to 2.5 μg/ml are considered within the therapeutic range, whereas concentrations over 5 μg/ml are generally considered toxic [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . Lethal concentrations cannot be precisely defined. Cantrell et al. [17] described the case of a 57-year-old-woman with an antemortem blood metformin concentration of 210 mg/l and emphasized that the highest reported antemortem metformin concentration in which the patient survived was 165 mg/l, though other authors described antemortem metformin concentrations of up to 380 mg/l. Dell'Aglio et al. [3] analyzed 22 cases of acute metformin overdose and observed that the mortality rate in patients with a peak serum metformin concentration of greater than 50 μg/ml was 38 %, with a median peak metformin level of 110 μg/ml in nonsurvivors.
In the presented case, vitreous glucose value lower than 0.1 mmol/l indicated the absence of hyperglycemia when the patient died. Interestingly, markedly increased β-hydroxybutyrate levels were found in the blood (10,500 μmol/l) and vitreous (9,500 μmol/l). Fasting was postulated as the cause of this ketoacidosis, which was plausible retrospectively in a patient who had insufficient food intake and prolonged emesis the days prior to death. Since ante-and postmortem laboratory investigations excluded concomitant hyperglycemia, alternative causes for this patient's hyperketonemia seemed unlikely. What is remarkable in the case herein described is that concomitant metformin accumulation prevented gluconeogenesis, thus aggravating ketogenesis and ketoacidosis caused by fasting. Bismuth et al. [29] , Assan et al. [30] Lastly, it must be emphasized that severe lactic acidosis could be reliably identified only through antemortem biochemical investigations and that the increased vitreous lactate concentration revealed by postmortem biochemistry (270 mg/dl, corresponding to 30 mmol/l) would have not allowed antemortem lactic acidosis to be correctly diagnosed. Indeed, postmortem vitreous lactate levels of 30 mmol/l-270 mg/dl cannot be considered as a diagnostic evidence of antemortem lactic acidosis since values within this range are commonly found in vitreous after death. It has been shown that vitreous lactate levels rise with increasing postmortem time and that the postmortem vitreous lactate concentrations are due not only to the antemortem vitreous lactate levels and the postmortem metabolism of glucose, but other sources can also be responsible for lactate formation in vitreous and subsequent increased vitreous lactate concentrations after death. These observations confirm that the postmortem identification of lactic acidosis as the cause of death is a very difficult diagnosis in the absence of a suggestive context and that the correlation of medical history, autopsy observations, histology findings, and postmortem biochemical results is often decisive in identifying the cause of death, the precipitating conditions, and the predisposing disorders [37] [38] [39] .
To conclude, though metformin is a highly effective, welltolerated, and generally safe antihyperglycemic agent in the treatment of type 2 diabetes, a significant risk of toxicity has been associated with its use in certain types of patients. The fatal case herein described is compatible with previous reports of metformin overdose and death in patients presenting risk factors that contributed to drug accumulation in blood and lactic acid generation. Since the potential toxicity of the drug is multifold, the determination of comorbidities and coingestants that may synergistically contribute to the toxic effects of metformin is of paramount importance in order to properly identify patients at particular risk for increased blood lactate levels.
Lastly, the presented case emphasizes the usefulness of performing exhaustive toxicology and postmortem biochemical analyses and correlating all potentially relevant investigations toward the more complete understanding of the pathophysiological mechanisms that may be involved in the death process.
